Newcastle disease virus (NDV), an avian paramyxovirus, is inherently tumor selective and is currently being considered as a clinical oncolytic virus and vaccine vector. In this study, we analyzed the effect of complement on the neutralization of NDV purified from embryonated chicken eggs, a common source for virus production. Fresh normal human serum (NHS) neutralized NDV by multiple pathways of complement activation, independent of neutralizing antibodies. Neutralization was associated with C3 deposition and the activation of C2, C3, C4, and C5 components. Interestingly, NDV grown in mammalian cell lines was resistant to complement neutralization by NHS. To confirm whether the incorporation of regulators of complement activity (RCA) into the viral envelope afforded complement resistance, we grew NDV in CHO cells stably transfected with CD46 or HeLa cells, which strongly express CD46 and CD55. NDV grown in RCA-expressing cells was resistant to complement by incorporating CD46 and CD55 on virions. Mammalian CD46 and CD55 molecules on virions exhibited homologous restriction, since chicken sera devoid of neutralizing antibodies to NDV were able to effectively neutralize these virions. The incorporation of chicken RCA into NDV produced in embryonated eggs similarly provided species specificity toward chicken sera.
T
he complement system is a group of more than 20 serum proteins that are activated upon foreign antigen exposure to initiate a rapid, localized, and tightly regulated enzymatic cascade, functioning as an early innate immune response against pathogens, including viruses. Complement may interfere with the initial stages of virus infection through several mechanisms, including steric hindrance of viral receptors to prevent attachment, fusion, and entry into host cells, opsonization by C3b and/or C4b proteolytic fragments to induce aggregation, lysis, and clearance by phagocytic cells either in the presence or absence of antibodies and subsequent generation of inflammatory and adaptive immune responses (2) .
Inappropriate activation of complement can be potentially damaging to normal host cells or tissues and is therefore tightly regulated by a large family of host plasma (factor H, C4bBP) and membrane-bound (CD35, CD46, CD55, and CD59) proteins called regulators of complement activation (RCA) that are involved in the physiological control of various stages of the complement cascade. Complement inactivation by RCA has been shown to be species specific (homologous restriction) (19, 44) . A number of enveloped viruses have been shown to incorporate cellassociated RCA proteins into budding particles (18, 38, 39, 41) .
Viruses have been used in cancer treatment for over a century (26) . The tepid response to oncolytic virotherapy studies performed in the 1960s and 1990s has undergone resurgence in the past decade with new advances in the manipulation of viral genomes, a more thorough understanding of tumor-host interactions and professionally conducted clinical trials (42) . Translating laboratory successes into clinical breakthroughs has, however, been frustratingly slow with only a few oncolytic viruses (OVs) undergoing phase III clinical trials (3) . Issues of safety and doseassociated toxicity have proved to be an impediment to U.S. Food and Drug Administration approval of OVs for cancer therapy. Effective systemic administration of both inherently oncolytic and engineered (targeted and transgene armed) viruses offer potentially high levels of antitumor potency, but the host immune system remains a significant obstacle to targeted tumor delivery. Neutralizing antibodies in serum, the complement system or uptake by reticuloendothelial cells reduce the infectivity of OVs, necessitating high doses or repeated injections (35) . Toxic side effects include neurological problems, liver toxicity, leucopenia, or low-grade intravascular coagulation, underscoring the need for alternative approaches to OV administration (45) .
Newcastle disease virus (NDV) is a nonsegmented negativestrand member of the family Paramyxoviridae whose natural host range is limited to avian species. NDV is inherently tumor selective and oncolytic. The tumor selective property of NDV, coupled with compelling preclinical and phase I/II studies in human subjects, has identified NDV as an attractive virotherapy candidate (9, 24, 27) .
Strategies to improve the therapeutic index of NDV have been explored in only a few studies (14, 25) . In addition, the optimal dose, treatment schedule, and routes of administration have not been well defined (27) . High mean tolerated doses raise issues of safety (24, 27, 42) . The impact of preexisting immunity to systemic administration with NDV has also not been examined. Here, we address the question of how innate antiviral immunity can limit the efficacy of NDV-based OVs.
NDV is generally propagated in embryonated chicken eggs because of the high virus yield and purified before administration as cancer therapy (9) . Experiments in the 1950s and 1970s showed that NDV grown in embryonated chicken eggs could interact with human complement in the absence of detectable antiviral antibody and cause virus inactivation (11, 13, 48) . However, molecu-lar mechanisms underlying complement activation by NDV have not been precisely elucidated.
In the present study, we examined mechanisms of complement activation by NDV grown in developing chicken embryos. Both classical/lectin and alternative complement pathways mediated the neutralization of NDV. We established that NDV propagated in human cell lines and the World Health Organization-approved primate cell line (Vero) was resistant to complement mediated neutralization through the incorporation of RCA proteins CD46 and CD55. These molecules could enable the virus to evade host innate immune responses, thereby enhancing systemic delivery of the OV and enabling virus dose reduction.
MATERIALS AND METHODS

Cells and virus.
HeLa human epithelial carcinoma and Vero monkey kidney epithelial cells were grown and maintained in Dulbecco modified Eagle medium supplemented with 10% heat-inactivated fetal bovine serum, 100 g of penicillin/ml, and 0.1 g of streptomycin (Invitrogen, Carlsbad, CA)/ml. Chinese hamster ovary (CHO) cells, stably transfected with the CYT2 isoform of human CD46 (CHO 5.3), were initially generated by Loveland et al. (28) and acquired from Denis Gerlier, University of Lyon. The cells were maintained in minimal essential medium supplemented, as described above, with 1% nonessential amino acids and 500 g of Geneticin (Invitrogen)/ml. Control CHO K1 cells were grown in the absence of Geneticin. Full-length infectious clone of NDV strain LaSota was a gift from Siba K. Samal, University of Maryland, College Park, MD. An extra cistron-encoding enhanced green fluorescent protein (eGFP) was inserted between the phosphoprotein (P) and matrix (M) gene sequences of full-length infectious clone, as described elsewhere (7). The recombinant virus (rLaSota eGFP) was propagated in the allantoic fluid of 9-day-old embryonated specific-pathogen-free chicken eggs, concentrated by ultracentrifugation, and purified on a 10 to 26% Opti-Prep gradient (Axis-Shield PoC, Oslo, Norway) by centrifugation at 27,000 rpm for 2 h in a Beckman Coulter Optima L-90K ultracentrifuge. HeLa, Vero, CHO K1, and CHO 5.3 cell monolayers were infected at multiplicity of infection (MOI) of 0.01 with rLaSota eGFP in the presence of 1 g of TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-treated trypsin (Sigma-Aldrich, St. Louis, MO)/ml. Infected cell supernatants were concentrated and purified as described above. rLaSota eGFP derived from allantoic fluid or cell lines were termed NDV/egg, NDV/CHO K1, NDV/ CHO 5.3, NDV/HeLa, and NDV/Vero, respectively. Virus titers were determined by fluorescent plaque assay on Vero cell monolayers as described elsewhere (40) .
Virus neutralization. Normal human serum (NHS) and normal chicken serum (NCS) samples were tested for 50% total hemolytic complement activity (CH 50 ) using antibody-sensitized sheep erythrocytes (Complement Technology, Inc., Tyler, TX). Totals of 100 PFU of NDV/ egg, NDV/CHO K1, NDV/CHO 5.3, NDV/HeLa, and NDV/Vero, respectively, were treated with various dilutions of NHS or NCS in phosphatebuffered saline (Ca 2ϩ , Mg 2ϩ ) by incubation at 37°C for 1 h or various time intervals (5, 10, 15, 20, 30, 45 , and 60 min). Virus-serum mixtures were then overlaid on Vero cell monolayers, and fluorescent plaques were visualized after 72 h under a UV light source. The plaques were normalized relative to 100 PFU in untreated virus controls, with neutralization by complement represented as the number of plaques below 100 PFU. In a separate experiment, 100 PFU of NDV/egg were incubated with NHS treated with either 3 mM EDTA or 8 mM EGTA plus 2 mM MgCl 2 for 1 h at 37°C. NHS heat treated at 56°C for 1 h (HT-NHS) and untreated NHS served as controls for complement activation. Virus-serum mixtures were overlaid on Vero cell monolayers and quantified as described above.
In order to test the presence of naturally occurring antibodies to Gal␣1-3Gal sugars on NDV/egg, NHS samples were preincubated for 1 h at 37°C with 10 mg of Gal␣1-3Gal disaccharides (Toronto Research Chemicals, Inc., Toronto, Canada)/ml as described elsewhere (49) . NHS samples were then incubated with 100 PFU of NDV/egg, overlaid on Vero cell monolayers, and quantified as described above.
Depletion and reconstitution of complement components. A total of 100 PFU of NDV/egg were treated with various dilutions of NHS depleted of C2, C3, or C4 (Complement Technology) by incubation for 1 h at 37°C, followed by overlaying on Vero cells and quantification by plaque assay. In a set of reconstitution experiments, various dilutions of NHS depleted of C2, C3, or C4 were reconstituted with physiological concentrations of purified C2 (25 g/ml), C3 (1.3 mg/ml), or C4 (200 g/ml) (Complement Technology) before incubation with 100 PFU of NDV/egg and subsequent quantification by plaque assay.
Transmission electron microscopy. Gradient-purified rLaSota eGFP particles (NDV/egg) were analyzed for C3 deposition by adsorption of 10 5 viral particles on carbon-coated 200-mesh gold grids (Electron Microscopy Sciences, Hatfield, PA) after incubation at room temperature in a humidified chamber for 5 min. Grids were blocked with phosphate-buffered saline (PBS) containing 1% bovine serum albumin, and adsorbed virus was treated with 1:25 diluted C8-depleted NHS (Complement Technology), followed by mouse anti-human C3/C3b monoclonal antibody (Cell Sciences, Inc., Canton, MA). Bound antibody was detected using goat anti-mouse antibody conjugated with 12-nm colloidal gold (Jackson ImmunoResearch Laboratories, West Grove, PA). Labeled particles were negatively stained with 2% phosphotungstic acid (pH 6.6) and analyzed under a Tecnai Spirit transmission electron microscope with an AMT Dual 2Vu camera (FEI, Hillsboro, OR).
Purified NDV/HeLa was analyzed for CD46 and CD55 incorporation on virion surfaces by adsorption on grids as described above. After blocking, adsorbed viruses were probed with mouse anti-human CD46 (R&D Systems, Minneapolis, MN) and mouse anti-human CD55 antibodies, respectively (Millipore, Billerica, MA) and detected with secondary 6-nm colloidal gold-conjugated goat anti-mouse antibody to CD46 and 12-nm colloidal gold-conjugated secondary antibody to CD55 (Jackson ImmunoResearch Laboratories). Labeled particles were negatively stained and visualized as described above.
C3b cofactor assay. Ten thousand PFU of the NDV/egg, NDV/HeLa, and NDV/Vero were incubated for various time intervals at 37°C with 3 g of purified C3b and 100 ng of factor I (Complement Technology) in a total volume of 20 l. Reactions were terminated by boiling in SDS-PAGE sample buffer, and the samples were subjected to electrophoresis on 8% polyacrylamide gels (Bio-Rad, Hercules, CA). Protein bands were visualized by staining with Coomassie brilliant blue R-250. Factor H served as a positive control for factor I-mediated cleavage of C3b into iC3b.
ELISA. A total of 1,000 PFU of NDV/egg were incubated at 37°C with a 1:1,000 dilution of NHS in PBS (Ca 2ϩ , Mg 2ϩ ) for various time intervals (0, 15, 30, and 60 min). NHS incubated with only PBS for the same time intervals served as a negative control. Reactions were terminated by incubating the virus-serum mixtures on ice, and the complement activity was quantitated using the human C3a, C4a, or C5a enzyme-linked immunosorbent assay (ELISA) kits (BD Biosciences, San Jose, CA) according to the manufacturer's instructions.
Density gradient centrifugation and immunoblotting. A total of 100,000 PFU of NDV/egg were treated with undiluted NHS by incubation at 37°C for 1 h. The virus-serum mixture was layered on a 10 to 26% Opti-Prep gradient, and density gradient centrifugation was carried out at 26,000 rpm (SW41 rotor, 2 h, 4°C) in a Beckman Coulter Optima L-90K ultracentrifuge. Fractions (250 l), starting from the bottom of the gradient, were removed and analyzed for the presence of virus and C3 by immunoblotting. Virus-only and serum-only samples were also centrifuged as controls. Fractions collected were probed for virus using NDV polyclonal serum raised in chicken. C3 was detected using a goat antihuman C3 polyclonal antibody (Complement Technology).
CHO K1, CHO 5.3, HeLa, and Vero cells were harvested in radioimmunoprecipitation assay lysis buffer (Millipore) containing halt protease inhibitor cocktail (Pierce Biotechnology, Rockford, IL). Total protein content was quantified with the Micro BCA assay (Pierce Biotechnology).
A 20-g portion of protein was loaded onto a 10% polyacrylamide gel (Bio-Rad) and transferred to a polyvinylidene difluoride membrane using the iBlot gel transfer system (Invitrogen). Membranes were blocked in 5% skim milk and probed with a polyclonal antibody that was cross-reactive to human, mouse, and rat CD46 and a monoclonal antibody that was specific for human CD55 (clone H-7; Santa Cruz Biotechnology, Santa Cruz, CA). Antibody to actin and horseradish peroxidase-conjugated species-specific secondary antibodies were also used (Santa Cruz Biotechnology). In addition, 10,000 PFU of purified NDV/CHO K1, NDV/CHO 5.3, NDV/HeLa, and NDV/Vero were probed for viral antigen and RCA molecules CD46 and CD55. Protein bands were visualized on X-ray film (Phenix Research Products, Candler, NC) using the Super Signal West Pico chemiluminescent substrate (Pierce Biotechnology).
RESULTS
NHS selectively neutralizes NDV grown in embryonated chicken eggs in the absence of virus-specific or natural antibodies. NHS samples from eight individual donors with known complement activity (CH 50 values of 250 U/ml) were incubated with 100 PFU of purified NDV/egg, and the remaining infectivity was measured by a plaque assay on Vero cells. Both 1:10 and 1:20 dilutions of NHS in PBS reduced the number of plaques by Ͼ80% (Fig. 1A) . This ability to neutralize infectivity was lost upon heat treatment for all but two sera (sera 3 and 4), indicating that the activation of human complement was responsible. Hemagglutination inhibition (HI) analysis of these sera revealed the presence of neutralizing antibodies to NDV in sera 3 and 4 (HI titer Ն 40), while the remaining serum samples had no neutralizing antibodies to NDV (HI titer Յ 10) (data not shown). Serum from donors 1, 2, and 5 were used for all further experiments that required NHS.
A time course of neutralization was performed by incubating 100 PFU of NDV/egg or NDV/HeLa with NHS; the remaining virus infectivity was then quantified by plaque assay. NDV/HeLa was completely resistant to neutralization by NHS at all time points tested, whereas the neutralization of NDV/egg by NHS was seen to be rapid, with 90% neutralization occurring in the first 5 min of virus-serum incubation and complete neutralization occurring by 10 min (Fig. 1B) . Ca 2ϩ is required for the activation of the classical and mannose-binding lectin (MBL) pathways and EGTA, which chelates Ca 2ϩ , inhibits both of these pathways (6) . All three pathways require Mg 2ϩ and are inhibited by the Ca 2ϩ and Mg 2ϩ chelating agent, EDTA (50) . Pretreatment of 10% NHS with 3 mM EDTA resulted in the loss of complement-mediated neutralization of NDV (Fig. 1C) . Pretreatment of NHS with 8 mM EGTA supplemented with 2 mM Mg 2ϩ ions resulted in a partial loss of NDV neutralization, suggesting the participation of multiple pathways of complement activation in NDV/egg neutralization.
Several viruses, including lymphocytic choriomeningitis virus and some paramyxoviruses (SV5 and mumps), are neutralized by complement in the absence of virus-specific antibodies (17, 30, 38 , 39). However, naturally occurring antibodies to Gal␣1-3Gal have also been shown to neutralize virus (49) . Pretreatment of NHS with Gal␣1-3Gal disaccharides, as described elsewhere (49) , in order to consume anti-Gal natural antibodies in serum had no effect on virus neutralization (Fig. 1D) . This suggested that naturally occurring antibodies to Gal␣1-3Gal disaccharides did not neutralize NDV/egg and that virus neutralization by NHS in the absence of virus specific antibodies was a result of complement activity.
NDV/egg induces multiple pathways of complement activation in NHS. Complement activation pathways initiated by NDV/ egg were further analyzed using human sera that were deficient in complement factors C2, C3, or C4. Both classical and MBL pathway activation requires the cleavage of C4 and C2, which form the C3 convertase, C4b2a. All three pathways converge upon the C3 molecule, which can subsequently lead to C5 cleavage and generation of the membrane attack complex and viral lysis (2). At 1:20 and 1:40 dilutions, C2-depleted serum reduced the NDV/egg PFU levels by 65 and 55%, respectively. C3-depleted sera reduced NDV/egg PFU by 60 and 43%, whereas C4-depleted serum reduced the number of NDV/egg plaques by 33 and 14% at 1:20 and 1:40 dilutions, respectively ( Fig. 2A to C) . C2-, C3-, or C4-deficient sera supplemented with purified C2, C3, or C4, respectively, significantly reduced the number of NDV/egg plaques at 1:10, 1:20, and 1:40 dilutions compared to deficient sera ( Fig. 2A to C) .
ELISAs for C3a, C4a, and C5a fragments further confirmed that virions were fixing complement (Fig. 2D to F) . Incubation of NHS with NDV/egg resulted in the activation and cleavage-mediated release of C3a, C4a, or C5a within 15 min. Control serum incubated with PBS did not release C4a or C5a above background levels at any time point (Fig. 2D to F) , except for C3a, in which spontaneous cleavage of C3 into C3a and C3b fragments is known to occur (34) .
Complement activation in NHS is associated with C3 deposition on virions. C3 deposition on a virus or infected cell surface occurs in an amplification loop that results in neutralization by opsonization, aggregation, phagocytosis, or lysis (37) . NDV association with C3 was analyzed by density gradient centrifugation of NDV/egg incubated with NHS. Immunoblotting for NDV proteins in gradient fractions indicated that untreated NDV/egg virions migrated as a band between fractions 15 to 21, whereas NDV/ egg incubated with NHS revealed a faster-migrating band between fractions 13 and 19, with some sort of virus-serum aggregate at the bottom of the tube that did not include complement C3 (fractions 1 and 2) (Fig. 3A) . Virus antigen was not detected at the top of the gradient, suggesting that the viral membrane had not been released by complement lysis. Immunoblotting of the faster migrating fraction with C3 antibody revealed cosedimentation of C3 fragments in the same fractions that contained viral proteins (fractions 13 to 19, Fig. 3A ). C3 fragments were also observed in lower 
dilutions of C2-depleted NHS (A), C4-depleted NHS (B), and C3-depleted NHS (C)
. C2-, C4-, and C3-depleted sera were also reconstituted with physiological concentrations of purified C2, C4, and C3 in panels A to C, respectively. The remaining infectivity was determined by a fluorescent plaque assay. Significant differences between depleted, and supplemented sera are indicated by asterisks (*). A significant increase in the number of plaques of C2-, C4-, and C3-depleted NHS was observed compared to supplemented NHS (P Ͻ 0.05, Wilcoxon signed-rank test, Tukey-Kramer HSD). NHS was incubated with NDV/egg for the indicated times in minutes, and the levels of C3a (D), C4a (E), and C5a (F) were quantitated by ELISA. NHS incubated with PBS for the same time points served as a control. Significant differences between NHS incubated with PBS and NHS incubated with NDV/egg are indicated by asterisks (*). Significant increases in the levels of C3a, C4a, and C5a upon incubation with NDV were observed (P Ͻ 0.05, Student t test, Tukey-Kramer HSD). Bars represent the means ϩ the SDs. density fractions that did not include obvious viral proteins (fractions 20 to 22, Fig. 3A ), which could be released membranes of an intermediate density with C3 deposited on them. C3b␣= (110-kDa) and C3b␤ (75-kDa) bands and the remaining NHS proteins were observed at the top of the gradient. Gradient centrifugation of only NHS, in the absence of virus, showed C3 fragments only at the top of the gradient (Fig. 3A) . In addition, C3 deposition on the surfaces of NDV/egg particles was observed by immunogold electron microscopy labeling, even after a short incubation period of 5 min (Fig. 3B ). Virus incubated with gold-conjugated secondary antibody alone was not labeled.
NDV incorporates membrane RCA into viral envelopes. NDV grown in HeLa (NDV/HeLa), a human cell line, displayed resistance to virus neutralization by NHS (Fig. 1B) . To determine whether this resistance was associated with the incorporation of membrane-bound RCA proteins into viral envelopes, immunoblotting and immunogold electron microscopy experiments were carried out. NDV was grown in HeLa and Vero cells and, in addition, CHO K1 cells that either displayed no intrinsic regulatory activity on their cell surfaces for human C3b or C4b and recombinant CHO K1 cells that expressed human CD46 (CHO 5.3). CHO 5.3 cells expressed a lower-molecular-weight isoform of CD46 compared to HeLa and Vero cells (Fig. 4A) . NDV/Vero and NDV/CHO 5.3 incorporated only the CD46 molecule onto virions, whereas NDV/HeLa incorporated both CD46 and CD55 (Fig.  4A) . Immunogold electron microscopy on purified NDV/HeLa particles confirmed labeling for both CD46 and CD55 on the viral envelope (Fig. 4B) .
No band corresponding to CD55 was detected in NDV/CHO K1, although a faint band corresponding to the lower-molecularweight isoform of CD46 was observed. The absence of RCA detection in CHO K1 could be because the monoclonal antibody to human CD55 could not detect the hamster homolog of CD55, whereas the polyclonal antibody to human, mouse, and rat CD46 probably reacted in a cross-species manner with hamster CD46.
CD46 and CD55 molecules on virions exhibit homologous restriction. Complement evasion by incorporation of membrane bound RCAs onto virion surfaces was quantified by plaque assay. Purified NDV/HeLa, NDV/Vero, NDV/CHO K1, NDV/CHO 5.3, or NDV/egg (100 PFU) were incubated with various dilutions of NHS or NCS, and the remaining infectivity was determined by plaque assay. As observed earlier, NDV/egg was neutralized by NHS, whereas NDV/HeLa, NDV/Vero, and NDV/CHO 5.3 were resistant to complement-mediated neutralization to various degrees (Fig. 5A ). Resistance to complement was complete with NDV/HeLa virions. Significant resistance to complement-mediated neutralization was also observed at 1:20 and 1:40 dilutions of NHS with NDV/Vero and NDV/CHO 5.3, whereas ca. 90% infectivity was retained at 1:40 dilution. Resistance to NHS complement neutralization by NDV/HeLa and NDV/CHO 5.3 was not observed on incubation with NCS, whereas NHS complement and NCS complement neutralized NDV/CHO K1 equally, probably because of homologous restriction of hamster RCA (Fig. 5B) . In contrast, NDV/egg was resistant to complement-mediated neutralization by NCS. These results confirm the species specificity of RCA molecules and, in addition, strongly indicate the incorporation of chicken-specific RCA components by NDV/egg.
NDV grown in mammalian cells inactivates human C3b. C3b deposition on activating surfaces can initiate immune responses and is therefore tightly controlled (37) . Factor I, a serine protease, is a regulatory component of both alternative and the classical complement pathways. C3b is rapidly split in two positions by factor I and another cofactor, such as the fluid-phase serum glycoprotein cofactor H and the membrane-bound cofactors CD35 (CR1) and CD46 (MCP), to form iC3b (67-and 43-kDa fragments) and C3f and finally C3c and C3dg, thus rendering C3b unable to participate in downstream events of complement activation (1, 12) .
To assess the C3b cofactor activity of purified NDV from different cell sources, we incubated the virus with C3b and factor I for various times at 37°C. As a positive control for C3b cofactor activity, C3b was incubated with factor I and the physiologic regulator of complement, factor H. Incubation of purified C3b with factor I and factor H for 1 h resulted in the cleavage of C3b␣ into 67-and 43-kDa iC3b fragments, while the 75-kDa C3b␤ fragment remained intact (Fig. 6) . A time course for iC3b appearance showed that both NDV/HeLa and NDV/Vero inactivated C3b in the presence of factor I in as little as 1 h, whereas purified virions without factor I did not inactivate C3b (Fig. 6A and B ). In contrast, NDV/egg did not inactivate C3b in the presence of factor I, and iC3b was observed only on prolonged incubation for 12 h (Fig. 6C) . These results show that NDV proteins by themselves are incapable of inactivating C3b into iC3b. Rather, the incorporation of membrane-bound complement regulator proteins from producer cells into the viral envelope might account for the selective inactivation of human C3b by NDV/HeLa and NDV/Vero.
DISCUSSION
Recent advances in the field of oncolytic viral therapy has attracted the interest of biopharmaceutical companies (8, 20) . The development of natural viruses or novel recombinants with high therapeutic index and specificity has been encouraging. Oncolytic po- tential has been somewhat tempered by host antiviral and innate immune responses (23) . Although the host immune response may in many ways augment tumor therapy (36) , evasion of neutralizing antibodies or complement is the key to achieving efficacy following systemic delivery (15, 46) . Most oncolytic viruses, including paramyxoviruses, have been shown to activate complement-mediated host defenses, although little is known of this response in the context of oncolytic therapy of tumors (10, 17, 47) . Evasive strategies such as xenogeneic or syngeneic cell delivery of oncolytic viruses into target tissues have been explored for herpesvirus, adenovirus, and vesicular stomatitis virus, among others (5, 21, 35) . However, there have been no attempts to increase the vector potential of oncolytic viruses following systemic delivery. This study describes the mechanism of NDV neutralization by complement activity in vitro, while investigating strategies that would improve the systemic delivery of NDV both as an oncolytic virus and as a vaccine vector (23, 32) . We observed that NDV propagated in embryonated chicken eggs activated the complement response in human sera that was dependent on C2, C3, C4, and C5 components. EGTA-treated sera did not completely neutralize NDV, indicating that the classical/lectin pathway works in concert with the alternative pathway of complement activation. It is possible that the initiation of complement response by the classical/lectin pathway is amplified through the alternate pathway. On the other hand, the alternate pathway could mask the effects of the classical/lectin pathway. The activation of more than one complement pathway has been observed earlier in mice infected with West Nile virus (30) . Complement activation was observed to be independent of NDV specific antibodies. We also did not find evidence that natural antibodies to Gal␣1-3Gal disaccharides were involved in virus neutralization, since blocking of natural antibodies in NHS by incubation with Gal␣1-3Gal disaccharides did not affect virus neutralization. Early reports also found that the expression of Gal␣1-3Gal epitopes did not alter the sensitivity of NDV to complement-mediated inactivation (48, 49) .
C3 is common to all pathways of complement. Coating of C3b molecules on viral surfaces can result in activation of complement and lysis of the virion membrane. Alternatively, viral neutralization can occur by opsonization or interference with the viral attachment protein so that it is unable to bind its cellular receptor (31) . We observed the association of C3 with NDV virions by cosedimentation of NHS with virus and by immunoelectron microscopy. Downstream activation by C3 cleavage was observed through an increase in C5a levels. C5 activation can lead to viral lysis through assembly of the membrane attack complex on the virion envelope or impair virus infectivity by steric hindrance between virus and cell surface receptors (10). Although we did not obtain any evidence of viral lysis by sedimentation analysis, further studies on downstream effector components are required before this can be confirmed. Identification of the surface molecules on NDV that initiate the complement cascade and how activated C5 mediates virus neutralization also remain to be determined. C5 activation requires C1 (or the lectin pathway), C4, C2, and C3, suggesting that any or all of these proteins may contribute to the neutralization of NDV. Which of the viral components of NDV initiate the complement cascade and how activated C5 mediates virus neutralization remains to be determined. It is also possible that activated C5 interacts with one or both of the surface glycoproteins to prevent virus attachment or fusion.
In vitro analysis with purified complement components showed that NDV virions grown in HeLa and Vero cells had C3b cofactor activity, resulting in specific factor I-mediated cleavage of C3b into inactive iC3b. In contrast, egg-grown NDV had negligible C3b cofactor activity. This suggested that the virus producer cell contributed to the C3b cofactor activity of NDV. This conclusion differs from viral regulatory proteins reported for other viruses such as the VCP or B5R protein of vaccinia virus, glycoprotein C of herpesvirus, or NS1 of West Nile virus (4, 22, 44) . Further observations that NDV can be either susceptible or resistant to complement activation depending on the host producer cell suggest that NDV may, in the course of infection, passively incorporate host RCAs as it buds through the cell membrane.
NDV was found to incorporate complement regulatory proteins glycosylphosphatidylinositol CD55/DAF and CD46. The incorporation of these RCAs at levels that could provide virus protection against complement-mediated neutralization was observed by in vitro neutralization studies. Importantly, transfection of complement activating CHO K1 cells with human CD46 was shown to present significantly more resistance to complement neutralization than control CHO K1-grown virus. Control CHO K1 cells probably express hamster RCAs that were not subject to homologous restriction. After a time course of neutralization with NHS, NDV/HeLa expressing both CD46 and CD55 showed slower kinetics and a clear resistance to neutralization compared to egg-grown NDV.
RCAs act at the C3 or C4 level by either accelerating the decay of the bimolecular C3 convertases or as cofactors for factor I, thereby interfering with the deposition of complement on virions (1) . A number of enveloped viruses, including the paramyxovirus SV5 (PIV5) and mumps virus, have been shown to incorporate cell-associated RCA proteins into budding particles (18, 29, 38) . In addition, retrovirus and baculovirus as gene delivery vehicles have shown enhanced complement evasion upon incorporation of CD46, CD55, and CD59 from producer cells, representing a step in the development of novel viral vectors for improved gene delivery or oncolysis (19, 38, 39, 43) .
RCAs are thought to function in a species-specific manner in order to protect host cells from unregulated complement activation cascades. A comparison of virus-producer cell combinations revealed that HeLa cell-grown virus, which incorporated both CD46 and CD55, presented the most resistance to complement neutralization. CHO 5.3 and Vero cell-grown viruses incorporated the CD46 molecule, and complement resistance by these virions, while significant, was not as effective as that of HeLa cellgrown viruses. Virus derived from CHO K1 cells was susceptible to complement neutralization by NHS, as was egg-grown NDV. Normal, nonimmune chicken serum was unable to neutralize NDV grown in embryonated chicken eggs, while effectively neutralizing virions derived from HeLa, Vero, and CHO 5.3 cells. Reports have identified RCA in chickens with functions corresponding to C4bp, CD55, or CD46 (16, 33) , but these RCA mediated protection of egg-grown NDV from chicken serum complement and not from human serum. These results confirm the species-specific restriction of RCA molecules. Collectively, these results demonstrate that NDV incorporates host RCAs into progeny virions during virus budding. These regulators are species specific, and a further understanding of their relative contribution to viral evasion of complement can aid in the production of oncolytic viruses that enhance systemic delivery in humans. We found only a 10-fold difference in virus yield between NDV grown in chicken embryos and NDV grown in HeLa/Vero cells, suggesting that nonavian cells could be successfully used for NDV production. Our results highlight the need to develop OVs that are resistant to immediate complement-mediated neutralization.
